Reliable generation of single photons is of key importance for fundamental physical experiments and to demonstrate quantum technologies. Waveguide-based photon pair sources have shown great promise in this regard due to their large degree of spectral tunability, high generation rates and long photon coherence times. However, for such a source to have real world applications it needs to be efficiently integrated with fiber-optic networks. We answer this challenge by presenting an alignment-free source of photon pairs in the telecommunications band that maintains heralding efficiency > 50 % even after fiber pigtailing, photon separation, and pump suppression. The source combines this outstanding performance in heralding efficiency with a compact, stable, and easy-touse 'plug & play' package: one simply connects a laser to the input and detectors to the output and the source is ready to use. This high performance can be achieved even outside the lab without the need for alignment which makes the source extremely useful for any experiment or demonstration needing heralded single photons.
I. INTRODUCTION
Quantum optical technologies have seen a shift in the last decade from table-scale bulk optics to integrated circuits, greatly increasing the capability to implement quantum information tasks with reliable, compact and stable devices. Many integrated quantum devices have been fabricated, ranging from waveguide sources [1] [2] [3] [4] [5] [6] and entanglement sources [7] [8] [9] [10] [11] [12] to on-chip detectors [13, 14] , from quantum teleporters [15] to complex linear circuits [16] with photonic manipulation [17] . However, the functioning of these circuits still relies on the careful alignment of external bulk components, limiting usefulness outside the lab. Here we dispense with lengthy and tedious optical alignments by realizing a 'plug & play' photon source for quantum information applications that maintains laboratory-scale high performance. Our source of telecom-wavelength heralded single photons based on parametric down-conversion (PDC) requires no user intervention, and produces photons with high heralding efficiency and picosecond coherence time. To remove the need of bulk components we adopt a hybrid platform, exploiting the high nonlinearity and low loss of periodically-poled titanium-indiffused lithium niobate (Ti:PPLN) waveguides to produce photon pairs with high brightness, and standard telecommunications components for photon routing and filtering. The platforms are connected with a low-loss fiber pigtail. The lithium niobate and fiber-optic sections thus form a fully integrated source, producing single photons in single-mode fiber already filtered and seperated. It provides the necessary link to bridge the gap between experiments conducted in academic laboratories and real-world quantum applications.
Since quantum states cannot be deterministically am- * montaut@mail.upb.de plified [18] , reducing losses is much more critical than for classical systems. Thus low-loss interfaces between sources and optical fiber networks are vital for many applications [8, 9, [19] [20] [21] and permanent fixation of fibers is beneficial for ease of use and stability. However, maintaining high efficiency during fiber packaging has proved to be quite challenging. Previous fiber-pigtailed photonpair sources [22, 23] showed raw heralding efficiencies 3 %, which we improve upon by more than an order of magnitude. In addition, our source generates photons in the picosecond coherence range. This intermediate bandwidth regime shows promise in long distance applications [24] as they exhibit low dispersion when transmitted through fibers and can be filtered down to produce spectrally pure states without compromising on source brightness.
II. DEVICE DESIGN
Our device takes advantage of high-efficiency parametric down-conversion (PDC) based on the χ (2) nonlinearity in waveguides. Periodically poled titanium indiffused waveguides in lithium niobate exhibit extremely low losses [25, 26] and provide optical guiding in TE and TM polarizations, thereby allowing type II PDC wherein an ordinarily polarized pump beam decays to orthogonally polarized photon pairs. This provides easy separation of degenerate PDC photons based on their polarization, unlike type 0 sources [1, 23, 27, 28] that split photons using 3 dB couplers which results in the loss of half of the generated photons. Additionally type II phasematching provides intrinsically narrowband photons.
The fully fiber-pigtailed device is shown in Fig. 1 the signal and idler into two spatial modes. Fiber isolators after the PBS ensure pump suppression and a filter in the signal arm is used to remove noise and increase spectral purity.
III. DEVICE ENGINEERING
The waveguide and poling were designed to allow phasematched PDC for a pump around 780 nm to degenerate photons around 1560 nm, and to optimize couping to standard single mode fibers. Fabrication proceeded as follows: 25 mm long waveguides were produced by in-diffusing a titanium strip of 7 µm width and 80 nm thickness on a lithium niobate substrate at 1060
• C for 8.5 h. Next the waveguides were periodically poled with period 9.08 µm for a length of 21 mm. The input facet of the chip received an anti-reflective coating for the pump, and the output facet received a high-reflective coating for the pump providing ≈ 22 dB suppression and an antireflective coating for the photon pairs, providing maximum coupling to the pigtailed fiber.
A crucial step of source preparation was to pigtail the front and rear ends by permanently fixing PMFs to the waveguide. To achieve the maximum coupling efficiency we first measured the mode profiles of the waveguide (shown for both polarizations in Fig. 2 ) and standard 1550 nm PMFs. The width and height of the TE mode of a 7 µm waveguide were measured to be 7.0 µm and 4.7 µm, and for the TM mode 5.3 µm and 3.4 µm respectively. The measured mode diameter of a PMF mode was 6.08 µm. With these data the mode profiles were modelled (FemSIM package, RSoft) to find maximum achievable coupling efficiencies between waveguide and fiber modes for TE and TM of 92 % and 85 % respectively.
The pigtailing of the output facet of the chip with a PMF was then carried out as follows: broadband light at telecom wavelength was injected into the waveguide and collected using a PMF. The position of the fiber was controlled using a six-axis motorized stage that is capable of scanning in sub-micron resolutions along the end face of the waveguide. After performing multiple scan iterations of increasing resolution, the optimal position of the fiber was determined when maximum intensity of light coupled from the waveguide to the fiber for both TE and TM polarizations which was detected using a fiber-PBS and InGaAs photodiodes. Once the highest coupling was achieved, ultraviolet curing glue (Norland Products Inc., NOA-81) was applied at the interface between the PMF and chip and cured with an ultraviolet source (see Fig. 1 (c) ). During the curing process, the position of the fiber shifts slightly thereby resulting in a decreased pigtailing efficiency of 84.0 % for TE and 75.7 % for TM. The pigtailed chip is packaged and temperature stabilized via a thermoelectric cooler (TEC) which operates at temperatures up to 70 ond harmonic generation (SHG) to the pump wavelength ensure maximum coupling into the fundamental pump mode of the waveguide. The coupling efficiency between fiber and waveguide for pump wavelengths was measured to be η pump > 30 %. In order to separate the generated twin photons, we spliced the output PMF to a fiber polarization beam splitter. A pair of C-band in-line isolators were then spliced to each arm of the fiber-PBS to ensure pump suppression: each isolator provides 40 dB to 60 dB suppression for the pump due to the presence of a crystal that absorbs the pump. A fiber dense-wavedivision multiplexing (DWDM) filter with a bandwidth of 200 GHz (1.6 nm) was also attached to the signal arm to remove noise and improve the purity of the heralding photons. To ensure maximum transmission the idler arm remained unfiltered. The final device is completely alignment free and operates as a 'plug & play' source of heralded single photons.
IV. RESULTS AND DISCUSSION

A. Classical characterization
We first measured the nonlinear behaviour and the losses of the source classically. To determine the nonlinear conversion efficiency and the spectral degeneracy point we used second harmonic generation (SHG) from the telecom to pump wavelength. A tunable continuouswave laser at telecom wavelength was injected at 45
• polarization into the waveguide and the generated light at twice the frequency was detected using a Si PIN-diode. Phasematching was observed at 1558.29 nm, as shown in Fig. 3 at a temperature of 25
• C with a full-width at half-maximum (FWHM) bandwidth of (0.31 ± 0.02) nm and an efficiency of (2.56 ± 0.23) % W −1 cm −2 . We thus adopted this phasematching condition for the production of heralded single photons.
We next measured the losses in the photon path classically, to compare with the obtained heralding efficiencies (below). The measured waveguide loss [26] at 1550 nm for TE was (0.13 ± 0.02) dB/cm and for TM was (0.18 ± 0.02) dB/cm. The fiber-PBS was spliced to a pair of isolators on each arm and the measured transmissions of the PBS-isolators combination were (84.0 ± 1.9) % and (81.5 ± 1.9) % respectively. A fiber-based DWDM filter with a transmission of (86.0 ± 2.0) % attached to the signal arm was used as the heralding arm for the PDC process. Therefore, the maximum heralding efficiency achievable in the idler arm was calculated to be η calc i = T wg,TM · T FP,TM · T PBS = (58.6 ± 1.4) % before detection, where T wg,TM , T FP,TM and T PBS is the transmission of the waveguide, fiber pigtail and the PBSisolator unit respectively for TM polarization. 
B. Quantum characterization
We benchmark here the key performance metrics of our source: heralding efficiency, brightness, spectral purity, and single-photon coherence time, showing they reach or surpass the state-of-the-art even after full fiber integration. The setup used for the quantum measurements is shown in Fig. 4 (a) . A mode-locked Ti:Sapphire laser that generates picosecond pulses with FWHM bandwidth 0.3 nm at 779.15 nm wavelength and 1 MHz repetition rate was used as the pump, with coupled powers of 1 µW to 30 µW. Photons were detected with superconducting nanowire single photon detectors (SNSPDs, PhotonSpot) with detection efficiencies of η det = 85 %.
The heralding efficiency of the source was determined using the apparatus as shown in Fig. 4 (a) where the outputs of the device are directly connected to the SNSPDs. The raw heralding efficiency of the idler photon is given by η i = C Ss , where C are coincidences be- tween the two outputs, S are single counts, and s, i label signal and idler, respectively. This was measured to be η i = (46.2 ± 0.6) %. On correcting the raw value for detector efficiency, but retaining the channel losses (in contrast with [23] ) we estimate the efficiency of the complete device from generation to output to be η corr i = ηi η det = (54.4 ± 0.7) %, which is very close to the calculated maximum heralding efficiency that can be achieved from this device. In table I we compare our source with other single photon sources. Our results represent the best raw and detector-corrected heralding efficiencies when compared to other fiber pigtailed sources [22, 23] and closely approach the quality of state-of-the-art bulk sources. However there is still room for improvement, particularly in the PBS and filters. Here further integration would help, in particular integrated PBSs [36] and/or wavelength division multiplexers [3, 17] on chip for splitting of the photon pairs and pump suppression respectively.
The arrangement used to measure the joint spectral intensity (JSI) of the PDC photons with time-of-flight spectrometers [37] (Fig. 4 (b) ). The JSI and marginals of filtered and unfiltered PDC photons are shown in Fig. 5 . The spectral bandwidth of the signal and idler photons were found to be ∆λ s = (2.80 ± 0.12) nm and ∆λ i = (3.68 ± 0.27) nm respectively (See Fig. 5 (a),  (c) ). On applying the filter to the signal arm, the measured FWHM bandwidth was ∆λ s = (1.06 ± 0.02) nm and ∆λ i = (1.83 ± 0.04) nm for signal and idler arms respectively (See Fig. 5 (b), (d) ). The photon bandwidth of some other sources are listed in table I. By using the spectrum from the JSI measurement, we determined the single-photon coherence time of the idler photon by performing a Fourier-transform on the idler marginals on assuming a delta function transmission of the signal filter. The single-photon coherence time was estimated to be ∆τ sp = (5.8 ± 0.3) ps. From this we calculated that the generated single photon can travel > 130 km in a standard optical fiber before it starts to overlap with its neighbouring pulses for a 1 GHz repetition rate. This is nearly an order of magnitude higher than equivalent possible distance for femtosecond photons [38] , a gap maintained independent of repetition rates. This makes picosecond sources such as ours strongly desirable for long distance quantum communication applications.
The brightness of the chip was measured to be B chip = Ss·Si C·t·P chip ·∆λs = (1.39 ± 0.04) · 10 7 pairs s · mW· nm at a mean photon number n ≈ 0.01 photons pulse , where t is the integration time, P chip is the pump power coupled into the chip and ∆λ s is the bandwidth of the signal photon obtained from the JSI. The source shows higher or similar photon generation rates when compared with other waveguide SPDC sources [11, 21-23, 36, 39] .
The spectral purity of the single photon source can be estimated from the joint spectra [40] which was determined to be P = 0.69. We also directly characterized the purity of the source by the unheralded second order Glauber correlation function, g (2) (0). If the JSI is highly correlated, that is consisting of multiple frequency modes, we expect a Poissonian photon number distribution, corresponding to g (2) P (0) = 1. Alternatively, a de-correlated PDC spectrum, corresponding to a spectrally pure state, results in a thermal distribution with g (2) th (0) = 2. Since our photons are in a single spatial mode, they will have the same spectral purity in coincidence, allowing us to measure the signal's purity after filtering to determine the idler's purity after heralding. The setup required to measure the g (2) (0) is as shown in Fig.  4 (c) , where the signal photons are split by a 50:50 coupler then detected, giving g (2) s,raw (0) = 1.37 ± 0.01. Noise counts arising from fluorescence or other parasitic processes present in the signal strongly degrade the g (2) (0) value. The background events in both arms of the splitter were measured to be (9.13 ± 0.07) % of the singles counts. On correcting for these background counts [41] , we get g (2) s (0) = 1.66 ± 0.05 corresponding to a Schmidt number [42, 43 ] K = 1.52 and a purity, P = 0.66 ± 0.05, which matches closely with the estimation from the JSI. The unfiltered idler arm showed a g (2) (0) of g (2) i (0) = 1.07±0.03 as expected from the highly correlated spectrum (see Fig. 5 (a) ). The g (2) (0) can be improved by using filters with smaller bandwidth to minimize the correlations still present in the filtered spectrum; however, this comes at the cost of lowering the brightness and heralding efficiency of the source [44] .
To quantify the contributions from higher order photon emissions from the source, a heralded g (2) (0) measurement was carried out. An ideal single photon source gives heralded g (2) h (0) = 0. Now, the other photon is also detected and the coincidences between all three detection events are analysed (Fig. 4 (d) ). The heralded second correlation was determined by g (2) h (0) = C1,2,3 * N3 C1,3 * C2,3 , where the number of two-and three-fold coincidences are given by C l,k and C l,k,m respectively, where l, k, m = {1, 2, 3} label the 3 outputs and N 3 denotes the number of events in the heralding (signal) arm. We measured g (2) h,i (0) = 0.014 ± 0.001 at n ≈ 0.002 photons pulse for the idler, well below the threshold commonly used for single photons (g (2) h (0) = 0.5 [45] ).
V. CONCLUSION
We have experimentally demonstrated an efficient picosecond heralded single photon source via type II PDC in Ti:PPLN waveguides that is fully fiber integrated (including photon separation, pump suppression and filtering), packaged and ready to integrate with complex quantum systems. This device presents great advantages in terms of ease of use and stable operation, together with quantum performances which exceed by far the packaged devices available up to now: high brightness, low losses, high heralding efficiencies and the ability to produce picosecond photons in the telecom range. Owing to mature source engineering technology, the device offers complete flexibility to produce a large range of PDC wavelengths and operation at non-degeneracy, and can be integrated with a variety of filters for user-specific applications. In order to achieve a completely integrated device, the source can also be implemented by pumping with commercially available semiconductor lasers instead of a pulsed system as shown in this work. The quantum characteristics combined with the 'plug & play' configuration of this source represent a great achievement in the development of quantum technology for daily-use applications. 
